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ABSTRACT 
 
In this work we studied the convective heat transfer in a magnetic fluid in both zero 
and applied magnetic fields. The natural convection is observed in a quasi-one dimensional 
magnetic fluid in a horizontal temperature gradient. The horizontal non-homogeneous 
magnetic fields were applied across the sample cell either parallel or anti-parallel to the 
temperature gradient. The temperature profile was measured by eight thermocouples and 
temperature sensitive paint. The flow velocity field and streamlines were obtained by optical 
flow method. Calculated Nusselt numbers, Rayleigh number, and Grashof number show that 
the convective flow is the main heat transfer mechanism in applied fields in our geometry. It 
was found that when the field gradient is parallel with temperature gradient, the fields 
enhance the convective heat transfer while the fields inhibit it in anti-parallel configuration 
by analyzing the temperature difference across the sample, flow patterns, and perturbation Q 
field in applied fields. Magnetic Rayleigh number and magnetic Grashof number show that 
the thermomagnetic convections dominate in high magnetic fields. It is shown that the 
physical nature of the field effect is corresponding to the magnetic body force which is 
perpendicular to the gravity in our experiments. When the direction of the magnetic body 
force is same with temperature gradient in parallel configuration, the body force increases the 
convective heat transfer; while it has opposite effect in anti-parallel configuration. 
Our study will not only shed light on the fundamental mechanisms for 
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thermomagnetic convection but also help to develop the potential field-controlled heat 
transfer devices. 
  
iv 
 
ACKNOWLEDGMENTS 
 
Firstly, I would like to express my sincere gratitude to my advisor Dr. Weili Luo for 
the continuous support through my Ph.D study. Her patience and encouragement helped me 
overcome many crisis situations and finish this dissertation. 
Besides my advisor, I specially thank Dr. Tianshu Liu for helpful discussions and 
insightful comments on temperature sensitive paint related problems in my dissertation. My 
sincere thanks also goes to all my colleagues in Dr. Luo’s research group. I am grateful to 
Committee members Dr. Enrique Del Barco, Dr. Alain Kassab, and Dr. Alfons Schulte to 
evaluate my thesis work. 
Last but not the least, I would like to thank my family: my parents, my wife and son 
for supporting me spiritually throughout writing this thesis and my life in general. 
  
v 
 
TABLE OF CONTENTS 
LIST OF FIGURES ............................................................................................................... viii 
LIST OF TABLES ................................................................................................................. xiii 
CHAPTER 1: INTRODUCTION ........................................................................................ 1 
1.1 Natural Convection .......................................................................................................... 1 
1.2 Natural Convection in Magnetic Fluids ........................................................................... 2 
1.3 Applications of Magnetic Fluids ...................................................................................... 4 
CHAPTER 2: SAMPLE CELL DESIGN, EXPERIMENT SETUP, AND MATERIAL 
PROPERTIES OF SAMPLES ................................................................................................... 7 
2.1 Design principle ............................................................................................................... 7 
2.2 Physical system and material properties ........................................................................ 10 
2.3 Experiment setup and flow chart of procedure .............................................................. 13 
2.4 Sample cell design ......................................................................................................... 22 
2.5 Particle tracking velocimetry and optical flow method ................................................. 24 
2.6 Temperature sensitive paint (TSP) ................................................................................. 28 
2.7 Vacuum chamber design ................................................................................................ 34 
CHAPTER 3: EXPERIMENT RESULTS ......................................................................... 37 
vi 
 
Part I Thermocouple results ................................................................................................. 37 
3.1 Thermocouple results in kerosene in zero field ............................................................. 37 
3.2 Thermocouple results in a magnetic fluid ...................................................................... 43 
Part II PTV and TSP Results ................................................................................................ 55 
3.3 Flow pattern by using PTV and optical flow method in zero field in kerosene ............ 55 
3.4 TSP imaging results in a magnetic fluid in zero field .................................................... 62 
3.5 TSP results in a magnetic fluid in step fields ................................................................. 66 
3.6 Method to extract flow velocity field and streamlines plots from TSP results .............. 69 
3.7 Perturbation velocities and perturbation streamlines in a magnetic fluid ...................... 71 
3.8 Velocity and streamline results in a magnetic fluid ....................................................... 79 
CHAPTER 4: ANALYSES AND DISCUSSIONS ........................................................... 84 
4.1 Determine the main heat transfer mechanism in a magnetic fluid ................................ 84 
4.2 Convective flow front velocity vs. fields in a magnetic fluid ........................................ 93 
4.3 Velocity magnitude in a magnetic fluid ......................................................................... 98 
4.4 Vorticity and Q field in a magnetic fluid ..................................................................... 106 
4.5 Rayleigh number, Grashof number and Prandtl number in a magnetic fluid .............. 114 
4.6 Calculation of magnetic susceptibility and body force in a magnetic fluid ................. 120 
vii 
 
CHAPTER 5: CONCLUSIONS ...................................................................................... 129 
LIST OF REFERENCES ....................................................................................................... 131 
  
viii 
 
LIST OF FIGURES 
Figure 2.1. Principle of experiment ........................................................................................... 9 
Figure 2.2. Schematic of a magnetic fluid ............................................................................... 12 
Figure 2.3. Experimental setup ................................................................................................ 15 
Figure 2.4. External magnetic field distributions..................................................................... 16 
Figure 2.5. The spectrum of UV light ...................................................................................... 20 
Figure 2.6. Flow chart of experimental procedure in step fields ............................................. 21 
Figure 2.7. The design of sample cell ...................................................................................... 23 
Figure 2.8. Microspheres in kerosene ...................................................................................... 26 
Figure 2.9. The movement of two objects over two frames on the left, the corresponding 
optical flow vectors on the right. ............................................................................................. 27 
Figure 2.10. Schematic of a temperature sensitive paint on a surface ..................................... 31 
Figure 2.11. Experimental setup for calibration of TSP .......................................................... 32 
Figure 2.12. Normalized temperature vs. intensity calibration curve ...................................... 33 
Figure 2.13. The design of vacuum chamber ........................................................................... 35 
Figure 2.14. Vacuum chamber with a sample cell inside ......................................................... 36 
Figure 3.1. Thermocouples’ positions in two sample cells. ..................................................... 38 
Figure 3.2. Time dependent temperature in kerosene at (a) 4 corner thermocouples, (b) 4 
middle thermocouples, (c) 4 corner thermocouples for PTV method with microspheres, (d) 4 
ix 
 
middle thermocouples for PTV method with microsphere, and (e) LM1B and LM2T in 
kerosene in short time. ............................................................................................................. 41 
Figure 3.3. Time dependent temperature at (a) 4 corner thermocouples, and (b) 4 middle 
thermocouples in a magnetic fluid in zero field. ...................................................................... 45 
Figure 3.4. Temperature Vs. time at (a) 4 corner, and (b) 4 middle thermocouples of the 
magnetic fluid in parallel configuration in step fields. ............................................................ 46 
Figure 3.5. Temperature Vs. time at (a) 4 corner and, (b) 4 middle thermocouples of the 
magnetic fluid in anti-parallel configuration in step fields. ..................................................... 47 
Figure 3.6. Temperature differences across the cells on the (a) bottom, and (b) top in a 
magnetic fluid in step fields. .................................................................................................... 48 
Figure 3.7. Temperature vs. time at four corner thermocouples in a magnetic fluid in parallel 
configuration in Bmax= (a)200G, (b) 400G, (c)600G, (d) 800G, and (e) 1000G...................... 51 
Figure 3.8. Temperature vs. time at four corner thermocouples in a magnetic fluid in 
anti-parallel configuration in Bmax= (a)200G, (b) 400G, (c)600G, (d) 800G, and (e) 1000G. 54 
Figure 3.9. Velocity fields at (a) 20s, (b) 50s, (c)100s, (d)2000s, and (e) 2015s for kerosene in 
zero field. ................................................................................................................................. 57 
Figure 3.10. Streamlines at (a) 20s, (b) 50s, (c) 100s, (d)2000s, and (e) 2015s for kerosene in 
zero field. ................................................................................................................................. 58 
Figure 3.11. (a) Time-averaged velocity field, and (b) time-averaged streamlines at t=2000s 
for kerosene in zero field. ........................................................................................................ 59 
x 
 
Figure 3.12. Averaged (a) velocity field, and (b) streamline at steady state in kerosene in zero 
field. ......................................................................................................................................... 61 
Figure 3.13. Original TSP intensity image at (a) t = 0s, (b) t = 100s, (c) t = 500s, (d) t = 
1000s ,and (e) t = 2000s in a magnetic fluid in zero field. ...................................................... 63 
Figure 3.14. Temperature profiles converted from figure 3.8 at (a) t=0s, (b) t=100s, (c) t=500s, 
(d) t=1000s, and (e) t=2000s in a magnetic fluid in zero field. ............................................... 64 
Figure 3.15. Temperature profile in step-fields in (a) parallel, and (b) anti- parallel 
configuration in a magnetic fluid. ............................................................................................ 68 
Figure 3.16. TSP temperature fields at (a) Bmax = 0, (b) Bmax = 100G, (c) Bmax = 300G, (d) 
Bmax = 500G, (e) Bmax = 700G, and (f) Bmax = 900G in parallel configuration in a magnetic 
fluid. ......................................................................................................................................... 73 
Figure 3.17. TSP temperature fields at (a) Bmax = 0, (b) Bmax = 100G, (c) Bmax = 300G, (d) 
Bmax = 500G, (e) Bmax = 700G, and (f) Bmax = 900G in anti-parallel configuration in a 
magnetic fluid. ......................................................................................................................... 74 
Figure 3.18. Perturbation velocity fields at (a) Bmax = 100G, (b) Bmax = 300G, (c) Bmax = 500G, 
(d) Bmax = 700G, and (e) Bmax = 900G in parallel configuration in a magnetic fluid. .............. 75 
Figure 3.19. Perturbation velocity fields at (a) Bmax = 100G, (b) Bmax = 300G, (c) Bmax = 500G, 
(d) Bmax = 700G, and (e) Bmax = 900G in anti-parallel configuration in a magnetic fluid. ...... 76 
Figure 3.20. Perturbation streamlines at (a) Bmax = 100G, (b) Bmax = 300G, (c) Bmax = 500G, (d) 
Bmax = 700G, and (e) Bmax = 900G in parallel configuration in a magnetic fluid. ................... 77 
xi 
 
Figure 3.21. Perturbation streamlines at (a) Bmax = 100G, (b) Bmax = 300G, (c) Bmax = 500G, (d) 
Bmax = 700G, and (e) Bmax = 900G in anti-parallel configuration in a magnetic fluid. ............ 78 
Figure 3.22. Velocity fields at (a) Bmax = 0, (b) Bmax = 100G, (c) Bmax = 300G, (d) Bmax = 500G, 
(e) Bmax = 700G, and (f) Bmax = 900G in parallel configuration in a magnetic fluid. .............. 80 
Figure 3.23. Velocity fields at (a) Bmax = 0, (b) Bmax = 100G, (c) Bmax = 300G, (d) Bmax = 500G, 
(e) Bmax = 700G, and (f) Bmax = 900G in anti-parallel configuration in a magnetic fluid. ....... 81 
Figure 3.24. Streamlines at (a) Bmax = 0, (b) Bmax = 100G, (c) Bmax = 300G, (d) Bmax = 500G, 
(e) Bmax = 700G, and (f) Bmax = 900G in parallel configuration in a magnetic fluid. .............. 82 
Figure 3.25. Streamlines at (a) Bmax = 0, (b) Bmax = 100G, (c) Bmax = 300G, (d) Bmax = 500G, 
(e) Bmax = 700G, and (f) Bmax = 900G in anti-parallel configuration in a magnetic fluid. ....... 83 
Figure 4.1. Hot plate technique in our sample cell .................................................................. 86 
Figure 4.2. Relative thermal conductivity vs. local field in a magnetic fluid. ......................... 87 
Figure 4.3. Nusselt number in applied fields in two configurations ........................................ 90 
Figure 4.4.    and    in flow front velocity definition. ...................................................... 94 
Figure 4.5. Average convective flow fronts in sample cells. ................................................... 95 
Figure 4.6. Average velocities of convective flow fronts in different magnetic fields in (a) 
parallel, and (b) anti-parallel configuration in a magnetic fluid. ............................................. 96 
Figure 4.7. (a) Horizontal velocity magnitude fields (b) vertical velocity magnitude fields, 
and (c) total velocity fields in parallel configuration in a magnetic fluid. ............................. 102 
Figure 4.8. (a) Horizontal velocity magnitude fields (b) vertical velocity magnitude fields, 
xii 
 
and (c) total velocity fields in anti-parallel configuration in a magnetic fluid. ..................... 105 
Figure 4.9. Vorticity at (a) Bmax= 0 , (b) Bmax= 900 in parall configuration, and (c) at 
Bmax=900G in anti-parallel configuration in a magnetic fluid. .............................................. 108 
Figure 4.10 Perturbation vorticity at Bmax= (a) 100G , (b) 300G (c) 500G (d) 700G, and (e) 
900G in parallel configuration in a magnetic fluid. ............................................................... 109 
Figure 4.11. Perturbation vorticity at Bmax= (a) 100G , (b) 300G (c) 500G (d) 700G, and (e) 
900G in anti-parallel configuration in a magnetic fluid......................................................... 110 
Figure 4.12. Q field at (a) Bmax= 0 , (b) Bmax= 900 in parall configuration, and (c) at 
Bmax=900G in anti-parallel configuration in a magnetic fluid. .............................................. 111 
Figure 4.13. Perturbation Q field at Bmax= (a) 100G , (b) 300G (c) 500G (d) 700G, and (e) 
900G in parallel configuration in a magnetic fluid. ............................................................... 112 
Figure 4.14. Perturbation Q field at Bmax= (a) 100G , (b) 300G (c) 500G (d) 700G, and (e) 
900G in anti-parallel configuration in a magnetic fluid......................................................... 113 
Figure 4.15 Ra and Ram in field in (a) parallel, (b) anti-parallel configuration ..................... 116 
Figure 4.16. Gr and Grm in field in (a) parallel, (b) anti-parallel configuration .................... 119 
Figure 4.17. Ratio of magnetic energy to thermal energy in fields in our magnetic fluid. .... 122 
Figure 4.18. Internal fields in sample cell. ............................................................................. 125 
Figure 4.19. (a) magnetization, (b) susceptibility, and (c) magnetic body force in a magnetic 
fluid in applied fields. ............................................................................................................ 128 
  
xiii 
 
LIST OF TABLES 
Table 2.1. Properties of magnetic fluid sample ( Ferrotec EMG 905) ..................................... 10 
Table 2.2. Thermal properties of kerosene ............................................................................... 11 
Table 2.3. Thermal properties of magnetic fluid (diluted at 1% volume fraction) .................. 11 
Table 2.4. Temperature sensitive paint properties .................................................................... 17 
Table 4.1. Nusselt numbers in a magnetic fluid in step fields. ................................................ 89 
Table 4.2. Thermal and magnetic Rayleigh numbers in a magnetic fluid in magnetic fields in 
two configurations. ................................................................................................................ 115 
Table 4.3. Thermal and magnetic Grashof numbers in a magnetic fluid in magnetic fields in 
two configurations. ................................................................................................................ 118 
 
 
1 
 
CHAPTER 1: INTRODUCTION 
1.1 Natural Convection 
Convection is one of the three fundamental heat transfer mechanisms, which are 
conduction, convection, and radiation. Convection is generally classified into two 
configurations: forced convection and natural convection. Forced convection is when the 
flow is forced by an external source, for instance, a fan, a pump, or the wind. Natural 
convection is also called free convection. It is when the flow occurs “naturally” from the 
effect of density difference due to the temperature or concentration difference. Natural 
convection only can happen in a gravitational field. Therefore, natural convection is the study 
of motion due wholly to buoyancy forces acting on a fluid [1, 2]. The onset of natural 
convection is determined by the Rayleigh number. The Rayleigh number is a dimensionless 
number associated with the buoyancy driven flow in the fluid. When the Rayleigh number is 
less than the critical value for that fluid, the heat transfer is primarily in the form of 
conduction; and when it is above the critical value, the convection is the main heat transfer 
mechanism. Natural convection can be widely observed in nature, for example, air flow and 
ocean flow. There has been growing interest in natural convection over the past couple of 
decades. One important type of natural convection is the Rayleigh-Benard convection. 
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1.2 Natural Convection in Magnetic Fluids 
Natural convection in magnetic fluids is a new field after the invention of the 
magnetic fluid. The interaction between fluids and electromagnetic fields has been drawing 
promising attention, and is starting to have applications in diverse areas. The unique 
combination of fluidity and the ability of interacting with the magnetic fields is the 
motivation for the invention of the magnetic fluid. [3, 4]. A magnetic fluid is a dispersed 
system in which the finely distributed magnetic particles are suspended in a continuous 
medium. Three components are required in the system: (1) single domain magnetic particles 
on the nanoscale (3-15nm), so the thermal agitation can keep magnetic particles suspended 
with Brownian force; (2) the surfactant coating, consisting of an adsorbed long chain 
molecular species, which is simultaneously compatible with a carrier liquid to prevent the 
particles from agglomerating; (3) liquid carrier, usually it is water, organic solvent, or 
metallic solvent (Hg) which depends on its field application. 
Magnetic fluids combine the features of magnetism and fluids to display some novel 
and intriguing behaviors. The particles are ferro- or ferrimagnetic in magnetic fluids, but the 
behavior of the magnetic fluids is similar to paramagnetism or super paramagnetism at the 
room temperature. Because the long range interaction between particles for a diluted sample 
is negligible, the magnetic fluids can obtain a magnetization which is only one order of 
magnitude less than that of magnetic solids in the same magnetic field. 
In magnetic fluids, the most works investigated the Rayleigh-Benard convection 
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[5-12], which is a type of natural convection. The Rayleigh-Benard convection occurs when a 
liquid layer is heated from the bottom. This results in a temperature difference ΔT between 
the top and bottom. In the absence of a magnetic field, if the temperature difference ΔT is not 
too large, the fluid remains quiescent. However as the temperature difference ΔT is increased, 
the buoyancy force becomes larger. The hotter portion of the fluid experiences a smaller body 
force than the colder fluid. The fluid is subject to a tendency to redistribute itself to offset the 
imbalance. The quiescent state will change once a dimensionless number, Rayleigh number, 
exceeds a certain critical value. 
In 1970, B. A. Flinlayson explained that when a magnetic fluid is heated from below 
in a vertical uniform magnetic field, the magnetization of the magnetic fluid strongly depends 
on temperature. Therefore, a nonuniform magnetic body force will change convection in a 
magnetic fluid due to the temperature gradient [3, 13-15]. In the beginning of the study of 
natural convection in magnetic fluids, the research was mainly focused on the basic problems 
of thermo-convective instabilities under the influence of an external uniform magnetic field 
(a brief review of the results is given in [16] and [17]). Only few studies are dedicated in the 
heat transfer in the presence of a non-homogeneous external field. The investigations of 
convection in magnetic fluids proved the general similarity between the gravity convection 
and the thermomagnetic convection. 
For the natural convection with horizontal temperature different, the experiment with 
a paramagnetic fluid in a vertical non-uniform magnetic field showed the field effect is 
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similar to normal buoyancy. [18]. A series of experiments in thin vertical magnetic fluid 
layers in transverse uniform magnetic field showed the magnetocovection dominated in this 
geometry, so the convection patterns in fields were different from that in zero field.[19-21] 
Studies on magnetic fluids have shown that the strong horizontal magnetic fields can 
be used to induce magnetic Benard convection in normal paramagnetic fluids. The magnetic 
field can enhance or suppress buoyancy-driven convection in a solution of gadolinium nitrate, 
the sign of the effect depending on the relative orientation of magnetic-field and temperature 
gradients [22]. 
 
1.3 Applications of Magnetic Fluids 
The properties of magnetic fluids and the possibility of magnetically controlled flow 
have led to wide applications in various fields, including mechanical engineering, biomedical 
engineering and other more extensive fields. 
 For mechanical applications, the most widely used application is the sealing of 
rotary shafts [4, 23 and 24]. Magnetic fluids can be used as lubricants to be hold constant 
position in a friction zone by applied magnetic fields. Magnetic fluids are also used in the 
manufacture of supports, bearings, dampers and shock absorbers. Non-magnetic bodies 
submerged in a magnetic field experience a different floating force which depends on its 
density in a non-uniform magnetic field, so magnetic fluids can be used to separate ores [25]. 
In medical applications, magnetic drug targeting is the use of biocompatible magnetic fluids 
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as a delivery system in locoregional tumor therapy to enrich magnetic particles in a desired 
body compartment [26]. Magnetic fluids can also be used as a contrast medium in x-ray 
examinations [27], blocking the blood flow in macrovessels during operations, and tracing 
blood flow in non-invasive circulatory measurement.  
For applications with thermal convection, the effect of a magnetic field on a magnetic 
fluid changes the structure of its flow. Magnetic fluid was used to measure bubble velocity 
[28] and void fraction in gas-liquid two phase flow [29]. Magnetic fluid was used to increase 
heat pipe efficiency by putting permanent magnets close to the warm end [30 and 31]. 
Magnetic fluid can be used as coolant in electronic equipment. The major application is 
cooling of loudspeakers which significantly increase maximum acoustical power without 
changing any structure of speaker system [32]. The magnetic wheel-type refrigerator is also 
another application [33]. 
The effect of magnetic field on natural convection in our experiment suggests 
potential applications to control the convective heat transfer in fluids. The magnetic field can 
enhance or suppress the convective heat transfer. The magnetic field has been used to 
suppress the convection in non-magnetic fluids such as liquid metals [34] and crystal growth 
[35] to improve the quality of crystal. It requires very high magnetic field (10 Tesla) in these 
non-magnetic systems. The degree of the magnetization can be achieved in magnetic fluid is 
many orders of magnitude higher than that in non-magnetic fluids, so we can study much 
noticeable field effect on convective heat transfer with only hundreds of Gauss. Our study 
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also can be applied to auto cool high power electric devices such as transformer [36]. The 
field control flow effect is very useful in low gravity conditions, for example orbital stations, 
where cooling by natural gravitational convection cannot be realized [37-39] 
When the mechanism of the magnetic field effect in convective flow is fully 
understood, we will be able to non-intrusively increase the cooling or heating efficiency for 
heated devices with magnetic fields. Many other applications will be explored in the future as 
well.  
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CHAPTER 2: SAMPLE CELL DESIGN, EXPERIMENT SETUP, AND 
MATERIAL PROPERTIES OF SAMPLES 
2.1 Design principle 
The experiment is designed to study the relative orientation of field gradient to that of 
temperature gradient on natural convection horizontally. Figure 2.1 shows the principle of 
experiment. It includes the magnetic field and the sample cells. Parts 1 are the two poles of an 
electromagnet. The magnetic field between the two poles is non-uniform. The magnetic field 
is symmetric along the center. The field strength can be adjusted by changing the electric 
current through electromagnet.  
Two identical horizontal quasi-one dimension cells (part 2) filled with the magnetic 
fluids are placed on the axis of the magnetic field. The horizontal thermal gradient is induced 
by heating on the left side of a sample cell with electrical heater and cooling on the right side 
with circling cooling fluid at the same time. The direction of thermal gradient is from right to 
left. Natural convection happens in the sample cells when the thermal gradient is applied. The 
only difference between the two sample cells is the relative direction of the magnetic field 
gradient and thermal gradient when we apply the fields. On the left cell, the magnetic field 
gradient is parallel with the thermal gradient, and on the right cell, the magnetic field gradient 
is anti-parallel with the thermal gradient. This allows the parallel and anti-parallel 
configurations to be observed and measured at the same time. Thermocouples are used to 
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measure the temperature on the selective positions inside the fluids. Temperature sensitive 
paint (TSP) is painted on the front surface of the cells to image temperature profile in order to 
obtain the velocity and flow pattern.  
In this work we focus our study on the natural convection in horizontal magnetic fluid 
cells where the temperature and field gradients and applied field are perpendicular to the 
gravity, a configuration differ from the ordinary magnetic Rayleigh-Bernard Convection, in 
which the temperature gradient is vertical [11, 12 and 40]. In this configuration, the 
convective flow occurs in both zero and applied field due to buoyancy force originates from 
gravity. However the magnetic force in the fluid from applied field and field gradient will not 
interact with gravitational force along the vertical direction. The field effect depends on the 
relative orientation of temperature gradient and field gradient. 
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Figure 2.1. Principle of experiment  
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2.2 Physical system and material properties 
Physical system used in our experiments is magnetic fluid. A magnetic fluid is a fluid 
consisting of magnetic nanoparticles (Fe3O4) suspended in nonmagnetic solvent. The 
schematic of a magnetic fluid is showed on figure 2.2. Magnetic fluid can interact with a 
magnetic field.  
In the magnetic fluid used in the experiment, the mean diameter of the particles is 10 
nm, the magnetic moment of each particle is 21000 Bohr magnetons, and each particle is 
coated with a 2 nm nonmagnetic surfactant layer (Oleic acid) to prevent agglomeration. The 
volume fraction is 1%. The Ferrotec magnetic fluid sample we used is EMG905, the 
properties of EMG 905 are showed in table 2.1. 
 
 
Table 2.1. Properties of magnetic fluid sample ( Ferrotec EMG 905) 
Saturation 
magnetization 
Viscosity 
@27
o
C 
Volatility 
@50
o
C 
initial 
susceptibility 
Density 
g/(cm
3
) 
 
Volume % 
particle 
Concentration 
flash 
point 
pour 
point 
440 G 9 cp 9%1hr 1.9 1.24  7.9 89
o
C -94
o
C 
The solvent of the magnetic fluid is kerosene. The thermal properties of kerosene and 
diluted sample are showed in table 2.2 and 2.3[4]. 
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Table 2.2. Thermal properties of kerosene 
T(
o
C) Density 
g/(cm
3
) 
 
specific 
heat 
kJ/(kg.K) 
 
Viscosity 
10
6 
Pa.s 
 
thermal 
conductivity 
W/(m.K) 
 
thermal 
expansion 
K
-1
 
 
surface 
tension 
10
3
 N/m 
 
20 0.77 1.98 8290 0.13 10.65 N/A 
 
Table 2.3. Thermal properties of magnetic fluid (diluted at 1% volume fraction) 
T(
o
C) Density 
g/(cm
3
) 
 
specific 
heat 
kJ/(kg.K) 
 
Viscosity 
10
6
 Pa.s 
 
thermal 
conductivity 
W/(m.K) 
 
thermal 
expansion 
K
-1
 
 
surface 
tension 
10
3
 N/m 
 
20 0.87 1.84 8497 0.15 8.6 28 
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Figure 2.2. Schematic of a magnetic fluid  
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2.3 Experiment setup and flow chart of procedure 
The experiment is designed to study field effect in two configurations. Figure 2.3 
shows the experimental setup. The numeric numbers represent: 
1) 1a (left cell) and 1b (right cell) are the sample cells filled with kerosene fluid or 
magnetic fluid. The length of the sample cell is 9.0 cm, the width is 0.6 cm and height is 0.75 
cm. 
2) There are eight thermocouples (four on the top and four on the bottom) inside each 
cell to measure temperatures inside fluid without disturbing the flow much. There are also 
two other thermocouples on magnet and two in the air to measure the background 
temperature. Thermocouples are OMEGA, K type, precision fine wire thermocouples. The 
wire diameter is 0.25mm [41]. 
3) A multimeter (Keithley 2701) was used to gather the data from the thermocouples. 
The temperature was read by a computer every two second [42].  
4) The electric heater heats the sample on the left side. The heating power 0.545 W is 
controlled by the current of a power supply. The heater is a Minco HK5572 [43]. This heater 
is a polyimide heater with a dimension of 12.7 mm by 12.7 mm. The resistance of heater is 
26.5 ohms. Effective area is 1.23 cm
2. 
The power supply for the heater is HP6267B.
 
5) The cooling pump is connected to the cell on the right side to cool the sample with 
circulating cooling fluid by Polyscience digital controller (model number 9102) [44]. Cooling 
Power is 0.408 W. The temperature in the tank is set at -17 ºC. The cooling rate can be  
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controlled by adjusting the pump speed. The flow rate of cooling fluid is measured to be 13.8 
ml/s. 
6) The magnetic fields are controlled by a separate power supply, and field gradient is 
applied horizontally across the sample cells. In our experiments, only the magnetic field and 
field gradient are changed. The heating and cooling rate are fixed. 
Figure 2.4 shows the external magnetic field distribution on the axis. A gauss meter 
was used to measure the magnetic field. The x axis shows the distance to the left pole. The 
distance between the two poles is 34.8 cm. The magnetic field is symmetric along the center. 
On the left side(x from 0-17.4 cm), the magnetic gradient is from right to left, while on right 
side (x from 17.4-34.8 cm), the magnetic gradient is from left to right. In the experiments, the 
sample cells are placed on the axis of the magnetic field. The area of the cross section of the 
sample cells is 0.45 cm
2
, which is much smaller than the area of the magnet poles (78.5 cm
2
). 
The difference between the two sample cells (1a and 1b) is the relative orientation of 
the magnetic field gradient and temperature gradient when the fields are applied. On the left 
cell (1a), the magnetic field gradient is parallel with the thermal gradient, and on the right cell 
(1b), the magnetic field gradient is anti-parallel with the thermal gradient.  
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Figure 2.3. Experimental setup  
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Figure 2.4. External magnetic field distributions  
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7) Temperature sensitive paint (TSP) is painted on the front surface of the sample 
cells to image the temperature profile on the surface in order to extract flow velocity and flow 
pattern. The details of the principle and set up of TSP are in chapter 2.6. Thermocouple 
measures the temperature inside the fluid directly. But the number of thermocouples is 
limited to avoid disturb the flow, here only eighty point temperatures can be recorded with 
the thermocouples. TSP can measure the local surface temperature in detail without flow 
intrusion.  
 
Table 2.4. Temperature sensitive paint properties 
Luminophore Binder Excitation 
wavelength(nm) 
Emission 
wavelength(nm) 
Useful 
temperature 
range (
o
C) 
Max. log 
slope 
(%/
o
C) 
Lifetime at 
room temp. 
(s) 
EuTTA Dope 350 612 -20-80 -3.9 500 
 
The recipe of the TSP formulation in our experiment is EuTTA in Dope [45]. EuTTA 
is luminophore powder. It is Europium (III) thenoyltrifluoroacetonate, trihydrate, 35% from 
Acros Organics. The dope is clear supercoat butyrate dope with dope thinner from Sig Mfg. 
The properties of the TSP are shown in table 2.4. The procedure to prepare TSP is mixing 6 
mg EuTTA with 10 ml of the dope thinner in a sealable container, shaking it well and then 
sonicating for 5 minutes. Then 10 ml of dope is added, shake and sonicate for another 5 
minutes. Using a commercial paint brush brush a thin layer of TSP to the clean surface. 
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Multiple TSP layers can be applied to optimal emission light intensity. The paint is allowed to 
cure until the thinner completely evaporated. Acetone is used as a solvent to clean up the 
paint if necessary. 
8) The Ultra-Violet light is used as excitation light source of TSP. The model of UV 
light is GE black light F20T12. The power of light is 25w. The spectrum of UV light is shown 
in figure 2.5. The peak wavelength is 375nm. The light intensity stability is 1% after 5 
minutes warm up. 
9) To ensure the low noise-to-signal ratio and high sensitivity to emission light from 
paint, a CCD (Charge-Coupled Device) camera is used for TSP measurement. The excited 
fluorescent light is filtered by a long-pass optical filter to eliminate the illuminating light 
before it projects onto the CCD camera. The optical filter is Edmund 550nm long-pass filter. 
The filter only transmits the light with wavelength λ  550 nm. The camera is Prosilica 
GC1020. It has a high intensity resolution (12 bits) and high spatial resolution (1024 × 768 
pixels). The maximum frame rate is 33 frames per second. The frame rate in our experiments 
is 10 fps. The captured images are transferred via Ethernet cable to a computer for image 
processing. The image acquisition process is controlled by a Labview program. 
Figure 2.6 shows the experimental procedure in step fields. The horizontal heating 
and cooling are switched on at beginning. The temperature of the magnetic fluid inside 
sample cells starts to change. After 2000 seconds, when the temperature distribution in fluid 
reaches steady state. The first step magnetic field Bmax=100G is induced. Bmax is the field at 
19 
 
the pole of the magnet. The field is increased by 100G in step at the interval of 200s up to 
Bmax=1000G. At t=4000s, all field, heating and cooling are turned off. The temperature of 
system is allowed to relax back to room temperature after that. 
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Figure 2.5. The spectrum of UV light  
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Figure 2.6. Flow chart of experimental procedure in step fields  
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2.4 Sample cell design 
The sample cell is designed for quasi-one dimensional horizontal heat transfer. The 
parts of a sample cell are depicted in Figure 2.7. Part (a) is the body of the cell made of Lexan, 
which has a chamber to hold the magnetic fluid. Lexan was chosen as container because 1) 
Lexan has a small thermal conductivity (0.2 w/m*C); 2) Lexan is transparent, allowing for 
easy observation of the magnetic fluid inside. The top of the cell is sealed with another piece 
of Lexan plate. Four thermocouples are coming out from top and bottom plate respectively. 
On the two ends, there are aluminum blocks (part b) that act as uniform heating and cooling 
sources due to aluminum’s high thermal conductivity (237 w/m*C). The aluminum blocks 
have small tongues inserted into the Lexan chamber to make contact with the magnetic fluid. 
The left block is heated by an electric heater, and the circulating cooling fluid goes through 
right block to cool it. The length of the cell is 9 cm, width is 0.6 cm and height is 0.75 cm. 
The ratio of length over width is 16.7, so they can be treated as quasi-one dimensional sample 
cells. 
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Figure 2.7. The design of sample cell 
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2.5 Particle tracking velocimetry and optical flow method 
The microspheres in base fluid (kerosene) are used to get the flow velocity and pattern 
in zero field with same volume fraction as the magnetic fluid to establish the base velocity 
and pattern. This method is called particle tracking velocimetry (PTV). PTV is a widely used 
technique based on local spacial correlation between two consecutive tracking particle 
pictures for global measuration of the velocity fields to identify the correspondence between 
individual particles at successive instants when the particle volume fraction is sufficiently 
low (Maas, Dracos & Gruen 1998; Gruen & Papantoniou 1993). Microspheres are the 
tracking particles used in our experiment. Microspheres are small spherical particles, with 
diameters in the micrometer range. To visualize the flow in kerosene, the microspheres need 
to suspend in kerosene. The density of microspheres needs to match the density of the 
kerosene (0.7-0.8g/cc). When the heating and cooling is applied, the convective flow starts 
due to the buoyancy. The microspheres move with the fluid. The high resolution CCD camera 
is used to capture the movement of the particles. From the movement of the particles we can 
get the flow velocity and flow pattern in kerosene by using optical flow method. The 
microsphere (Cenosphere grade 500) used in our experiment is from Diversified Cementing 
Products. The density distribution of the microspheres is from 0.78 to 0.95 g/cc. The average 
size is 180 microns. To density match with kerosene, we put microspheres into the kerosene 
first. All the microspheres that suspend in kerosene have the same density as the kerosene. 
The suspended microspheres are selected for flow visualization in kerosene. Figure 2.8 shows 
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the microspheres suspended in kerosene in an experiment. 
The optical flow method is used to analyze the fluids motion from the microspheres 
and TSP images. The optical flow is defined as the velocity field in the image plane that 
transforms one image into the next image in a time sequence. The optical flow methods are 
the analysis of sequence of images to approximate motion. It is to compute an approximation 
2-D motion from a projection of 2-D or 3-D velocities of the object. It is the spatiotemporal 
patterns of image intensity (Horn 1986, Verri and Poggio 1987). This approximation is called 
the optical flow field (see figure 2.9). It corresponds to the actual object movement and the 
movement of pixels in the picture. 
As long as the optical flow field provides a reasonable approximation though, the 
measurements of image velocity can be used in a wide variety of tasks, including 
time-to-collision calculations, structure of the objects, movement parameters, and 
segmentation, among many others. 
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Figure 2.8. Microspheres in kerosene 
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Figure 2.9. The movement of two objects over two frames on the left, the corresponding 
optical flow vectors on the right. 
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2.6 Temperature sensitive paint (TSP) 
Temperature sensitive paint is a new optical technique developed since 1980s. It is 
based on the mechanism of luminescent thermal quenching that the luminescent intensity 
decreases as temperature increases [45]. A relationship between luminescent intensity and the 
absolute temperature can be described through Arrhenius form. 
  
    
     
 
  
 
 
 
 
 
 
  
                                                 (2.1) 
Where Er is the activation energy, R is the universal gas constant. T is a measuring 
temperature in Kelvin and Tr is a reference temperature, usually referring to room 
temperature. 
Temperature sensitive paint (TSP) is a non-intrusive method and full-field 
measurement of surface temperature with high resolution and low cost. TSP is a 
polymer-based paint composed of temperature sensitive luminescent molecules that act as 
probes and polymer binder. The polymer binder and luminophore can be dissolved in a 
solvent like paint thinner. The resultant paint can be applied to a surface by using a brush or 
sprayer. The solvent will evaporate and the luminescent molecules are immobilized in a solid 
polymer coating on the surface. When a light source with corresponding wavelength of 
luminophore illuminates the TSP, the molecules are excited and emit a longer wavelength 
fluorescent light. Figure 2.10 shows a schematic of a TSP emitting luminescent light under an 
ultraviolet light excitation. The emitting light is captured by a high resolution CCD camera 
through an optical filter. After an appropriate calibration, temperature can be remotely 
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measured by detecting the emitting fluorescent light. 
Compared to conventional temperature sensors like thermocouples, TSP has many 
advantages, such as a non-intrusive technique, a global distribution of the surface temperature 
measurement and high spatial resolution with reasonable accuracy. So far a family of TSPs 
can cover a temperature range of –196 oC to 200 oC. The accuracy of a TSP is typically from 
0.2 
o
C to 0.8 
o
C. TSP has been used in various experiments to measure the temperature and 
heat transfer distributions, flow separation and boundary layer transition. 
In order to quantitatively measure the temperature with TSP, the relationship between 
the luminescent intensity and temperature should be experimentally determined by calibration 
based on the temperature range in our experiments. A TSP coating is applied to the top 
surface of an aluminum block. The temperature of the aluminum block is controlled by 
adjusting the temperature in circulating fluid tank over a range of -13°C to 80°C. Five fine 
gauge K-type thermocouples are embedded in the aluminum block. A uniform temperature 
distribution in aluminum block was created due to the high thermal conductivity of the 
aluminum. The temperature difference between the thermocouples is less than 0.05 °C. The 
calibration setup is showed in figure 2.11. 
EuTTA-dope TSP is used in the calibration and experiment. The calibration result of 
the typical temperature dependencies of the paint are shown in figure 2.12. Normalized 
temperature is defined as temperature ratio T/Tr and is plot against intensity ratio I/Ir. T is the 
measuring temperature and Tr is the reference temperature. I is the intensity corresponding to 
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the measuring temperature and Ir is the intensity at reference temperature. The calibrations 
have been performed between -13 °C and 80 
o
C. The reference temperature of 21.9 °C is 
selected for all the calibrations that have been carried out. The standard error of fit S is found 
to be 0.006 from the equation 2.2 [46] 
    
             
 
   
                                                (2.2) 
Precision interval = ±tv,pS. N=20 is the number of measurements, m=3 is the number 
of fitted coefficients. v=N-1=19, p=95% is level of confidence. From Table 4.4 of the 
reference [46] t19,95 is 2.093. So that the precision interval is found to be ±1.2°C with 95% 
level of confidence. 
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Figure 2.10. Schematic of a temperature sensitive paint on a surface 
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Figure 2.11. Experimental setup for calibration of TSP 
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Figure 2.12. Normalized temperature vs. intensity calibration curve 
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2.7 Vacuum chamber design 
The vacuum chamber is designed to minimize the heat dissipation during the 
experiment, also it offers the better signal to noise ratio from temperature sensitive paint. The 
sample cell is placed in vacuum chamber during the experiment. Figure 2.13 shows the 
design of vacuum chamber. Figure 2.14 is the vacuum chamber setup with a sample cell 
inside. 
The vacuum chamber is made with UV transmitting Acrylic to allow UV light to go 
through chamber walls to excite the TSP. The thickness of the Acrylic is 1 cm. The medium 
vacuum (3x10
3
 to 1x10
-1
 Pa) can be maintained in the chamber. The front wall can be 
detached and resealed by silicone. A long-pass optical filter is on the front to filter the short 
wavelength emitting light from TSP and light source. The cooling fluid inlet is at the right 
side wall and outlet is on the back. All heating wires and thermocouples are through the back 
wall to connect to the corresponding instruments. The vacuum pump connects chamber at top 
outlet. The vacuum pump is Trivac D4B. After 10 minutes pumping, the pressure in chamber 
reaches and holds 0.9 inches of mercury, which is 3.0*10
3
 Pa. 
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Figure 2.13. The design of vacuum chamber 
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Figure 2.14. Vacuum chamber with a sample cell inside 
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CHAPTER 3: EXPERIMENT RESULTS 
Part I Thermocouple results 
3.1 Thermocouple results in kerosene in zero field 
We want to study the field effect on convective flow. The result in zero field is 
measured as baseline calibration for two sample cells. The thermocouples results give eight 
temperatures at different positions in the fluid in each sample cell. First, all positions of 
thermocouples are labeled in figure 3.1. 
Three letters are assigned for the thermocouples at two ends. For example, LLT means 
the thermocouple on the left top side of the left sample cell for parallel configuration, while 
RLT is the thermocouple on the left top side of the right sample cell with anti-parallel 
configuration. The middle thermocouples are labeled by 3 letters plus 1 number. LM1B is the 
first middle thermocouple on the bottom of the left sample cell, and LM2T means the second 
middle top thermocouple of the left sample etc. 
In the experiments, kerosene is the solvent of the magnetic fluid. Since kerosene is 
non magnetic, the result in two configurations are the same. Figure 3.2a and 3.2b are the 
temperature profiles from thermocouples in kerosene without magnetic field; and Figure 3.2c 
and 3.2d are the temperature profiles in kerosene with microspheres without magnetic field. 
The error bar in temperature profile is  0.5oC as it shows in figure 3.2a. 
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Figure 3.1. Thermocouples’ positions in two sample cells. 
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(e) 
Figure 3.2. Time dependent temperature in kerosene at (a) 4 corner thermocouples, (b) 4 
middle thermocouples, (c) 4 corner thermocouples for PTV method with microspheres, (d) 4 
middle thermocouples for PTV method with microsphere, and (e) LM1B and LM2T in 
kerosene in short time. 
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The transient state and steady state are indicated in Figure 3.2. The temperature is 
increasing from heating side and decreasing from cooling side. The temperature profile 
reaches steady state after 2000 seconds. From the figure 3.2a-3.2d, the temperature 
distributions in kerosene with or without microspheres are basically the same because of low 
volume concentration (1%). 
In the figure 3.2, if there is only conduction in the fluid after applying heating and 
cooling, the temperatures of the thermocouples which have same distance to the heating and 
cooling aluminum block, for example, LLT and LLB, should be same. It is clear that LLT and 
LLB have different temperature change right after heating and cooling applied due to 
convection. Figure 3.2e shows the temperature at LM2T and LM1B in kerosene before 500s, 
it is found that temperature at LM1B is higher than LM2T before 260s because LM1B is 
close to hot side. After 260s, the temperatures at LM1B and LM2T exchange values, this 
suggests convection has occurs before 200s. 
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3.2 Thermocouple results in a magnetic fluid 
The temperature distribution in the magnetic fluid in zero field is basically same as in 
kerosene as show in figure 3.3 because of the low volume fraction of the magnetic fluid (1%). 
The thermocouple results for the magnetic fluid with 1% concentration in step fields 
(chapter 2.3) are presented in figures 3.4 and 3.5. For the left sample cell (figure 3.4), where 
the magnetic field gradient and thermal gradient are parallel, when the magnetic field is 
applied, the temperatures of thermocouples close to the heating side (LLT LLB) were reduced 
and the temperatures of thermocouples close to the cooling side (LRT LRB) were increased. 
The temperatures at hot side decrease with increasing field, and the temperature at cold side 
increases with increasing field. The field dependence saturates at Bmax  800G. Temperature 
difference across sample decreasing means the magnetic fields enhance the thermal transfer 
in the magnetic fluid in parallel configuration. 
While in the right sample cell (figure 3.5), where the magnetic field gradient and the 
thermal gradient are anti-parallel, when the magnetic field is applied, the temperatures of 
thermocouples close to the heating side (RLT RLB) were increased and the temperature of 
thermocouples close to the cooling side( RRT RRB) were decreased, the field effect increases 
with increasing field. The temperatures at cold side reach saturation at Bmax  800G, and the 
temperatures at hot side keep increasing all the time. In this configuration, the temperature 
difference across sample increases with fields, which means the magnetic fields suppress the 
thermal transfer in the magnetic fluid. For the results from thermocouples in the middle as 
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shown in figure 3.10b and 3.11b, the temperature change is more complicated, we will 
discuss it in detail in chapter 4. 
Figure 3.6 shows the temperature differences across the sample cells vs. magnetic 
fields in step fields on the bottom and top. Parallel top T= TLLT-TLRT, Parallel bottom T= 
TLLB-TLRB, anti-parallel top T= TRLT-TRRT, anti-parallel bottom T= TRLB-TRRB. In left cell, 
where the magnetic field gradient and thermal gradient are parallel, when we increase the 
magnetic field, the temperature differences across the sample cell decrease; and for right cell, 
where the magnetic field gradient and thermal gradient are anti-parallel, when we increase the 
magnetic field, the temperature differences also increases; the higher the field the higher 
temperature difference.  
Figure 3.7 and 3.8 show the temperature profile at four corner thermocouples in 
non-step field. In non-step field, only one field, for example Bmax= 200G, is applied at steady 
state of zero field measure t = 2000s then the field is turn off at t = 3000s. The same trend in 
non-step fields can be observed as in step field that temperatures at hot side decrease in 
parallel configuration and increase in anti-parallel configuration, temperatures at cold side 
have move in opposite directions compared with its at hot side. 
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(a) 
 
(b) 
Figure 3.3. Time dependent temperature at (a) 4 corner thermocouples, and (b) 4 middle 
thermocouples in a magnetic fluid in zero field. 
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(a) 
 
(b) 
Figure 3.4. Temperature Vs. time at (a) 4 corner, and (b) 4 middle thermocouples of the 
magnetic fluid in parallel configuration in step fields. 
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(a) 
 
(b) 
Figure 3.5. Temperature Vs. time at (a) 4 corner and, (b) 4 middle thermocouples of the 
magnetic fluid in anti-parallel configuration in step fields. 
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(a) 
 
(b) 
Figure 3.6. Temperature differences across the cells on the (a) bottom, and (b) top in a 
magnetic fluid in step fields. 
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(d) 
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(e) 
Figure 3.7. Temperature vs. time at four corner thermocouples in a magnetic fluid in parallel 
configuration in Bmax= (a)200G, (b) 400G, (c)600G, (d) 800G, and (e) 1000G. 
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(d) 
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(e) 
Figure 3.8. Temperature vs. time at four corner thermocouples in a magnetic fluid in 
anti-parallel configuration in Bmax= (a)200G, (b) 400G, (c)600G, (d) 800G, and (e) 1000G. 
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Part II PTV and TSP Results 
3.3 Flow pattern by using PTV and optical flow method in zero field in kerosene 
The thermocouples only can measure temperature at eight locations. PTV and TSP 
can be used to obtained velocity and streamline pattern. The microspheres are added into the 
kerosene for flow visualization in zero field to establish the base velocity and pattern. We 
have five different runs for the kerosene with the microspheres in zero field in the same 
experiment configuration. High-resolution velocity fields are extracted from images of 
microspheres by using the optical flow method. The outline of the procedure to process the 
pictures is following: 
(1) To select a region of interest and save a sequence of images for processing 
(2) Run flow velocity program to generate a sequence of extracted velocity fields from the 
pictures obtained from step1 by optical flow method. 
(3) To plot the velocity and streamline of the microspheres 
Figure 3.9 and 3.10 show the selected velocity fields and streamlines at 20s, 50s, 100s, 
2000s and 2015s in the same run. Velocity field is the velocity vector distribution at each 
point in a subset of space [47], It is represented by a collection of arrows to indicate the 
velocity magnitude and direction at each point. Streamline is the field line from velocity 
vector tangent to show the massless direction of fluid [48]. In the transient state in t = 0-100s, 
as shown in Figs. 3.9a-3.9c [or 3.10a-3.10c], the local circulating flows start at the heating 
and cooling ends of the cell (the left and right ends) and expand toward the middle of the cell. 
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The velocity and the size of the circulating flow near the cooling end are much larger than 
those at the heating end. After t = 2000s, as shown in Figs. 3.9d and 3.9e [or 3.10d-3.10e], the 
single overall circulating roll is formed, where the flow moves from the right to left in the 
lower half of the cell and from the left to right in the upper half of the cell. There is a shear 
layer between the two opposite flows. The shear layer is a region of flow with significant 
velocity gradient. The vortical structures are clearly observed around shear layer. Figure 3.11 
shows the time-averaged velocity vectors and streamlines after t = 2000s. 
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(a) 
(b) 
(c) 
(d) 
(e) 
Figure 3.9. Velocity fields at (a) 20s, (b) 50s, (c)100s, (d)2000s, and (e) 2015s for kerosene in 
zero field. 
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(a) 
(b) 
(c) 
(d) 
(e) 
Figure 3.10. Streamlines at (a) 20s, (b) 50s, (c) 100s, (d)2000s, and (e) 2015s for kerosene in 
zero field. 
59 
 
(a) 
(b) 
Figure 3.11. (a) Time-averaged velocity field, and (b) time-averaged streamlines at t=2000s 
for kerosene in zero field.  
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Because the fluid movement is dynamic, the flow velocity and pattern is calculated at 
steady state with a ten seconds average. At transient state the velocity and pattern between 
different runs is also slightly different possibly due to chaotic nature at short time. When we 
use the result from kerosene as baseline for the magnetic fluid in applied fields, the velocities 
and patterns from five runs are averaged at steady state. 
To average all five different runs, first we need to scale all the images to the same 
dimension. Here we select 700 by 50 pixels as standard dimension. All five runs are scaled up 
or down to this size. Then we average all scaled data. At the steady state, the average flow 
velocity is 0.2 0.05 cm/s. Figure 3.6 are the averaged velocity field and streamlines from 5 
different runs. There is one main convection roll across the sample cell, the fluid goes up at 
left (hot) side and moves from left to right on the top, then it goes down when cooled at right 
(cold) side and moves back to left on the bottom. The average velocity and streamline are 
used as baseline for further analysis when the fields are applied. 
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(a) 
(b) 
Figure 3.12. Averaged (a) velocity field, and (b) streamline at steady state in kerosene in zero 
field. 
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3.4 TSP imaging results in a magnetic fluid in zero field 
Because the magnetic fluid is opaque, the flow velocity and flow pattern cannot be 
obtained by using microspheres with PTV method directly as in kerosene. For this reason, the 
temperature sensitive paint is used to image the detailed temperature distribution in the 
magnetic fluid and then the flow patterns are obtained. The TSP image processing procedure 
is flowing:  
Step 1. Image averaging: To reduce the noise-to-signal ratio of the experiment, 20 images 
were averaged for every specific point in time during the experiment, for example, for steady 
state at t=2000s, 20 images taken from range 1999s to 2001s are averaged (10 frames /s). 
Step 2. Alignment and dark image correction: Each image has to be aligned horizontally first. 
Dark image is acquired when the illuminating light is off. The dark image intensity is from 
the dark current noise of the CCD camera and the ambient light. It has to be subtracted from 
data images to eliminate this noise. 
Step 3. Intensity normalization: The normalized intensity is defined by the relative ratio 
between the intensity of real image to that of the reference image to eliminate the effects of 
non-homogenous illumination intensity, non-uniform luminophore concentration and uneven 
paint thickness (equation 2.1). 
Step 4. Conversion to temperature: The conversion of the normalized intensity to temperature 
was accomplished by using fitted coefficients obtained from experimental calibration relation 
in chapter 2.6. 
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(a) 
 
(b) 
 
(c) 
 
(d) 
 
(e) 
Figure 3.13. Original TSP intensity image at (a) t = 0s, (b) t = 100s, (c) t = 500s, (d) t = 
1000s ,and (e) t = 2000s in a magnetic fluid in zero field. 
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(a) 
 
(b) 
 
(c) 
 
(d) 
 
(e) 
Figure 3.14. Temperature profiles converted from figure 3.8 at (a) t=0s, (b) t=100s, (c) t=500s, 
(d) t=1000s, and (e) t=2000s in a magnetic fluid in zero field.  
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Figure 3.13 shows the original TSP intensity image in the magnetic fluid in zero field 
at 0s, 100s, 500s, 1000s and 2000s from step 1. Figure 3.14 is the converted temperature 
image at 0s, 100s, 500s, 1000s and 2000s from TSP image from step 4. 
The intensity of TSP image corresponds to the local temperature. The higher the 
temperature the lower the intensity, the lower the intensity the darker the image, and vice 
versa. From figure 3.13, when heating and cooling applied, at hot side, because fluorescent 
intensity decreases with increasing temperature, this part of image gets darker in high 
temperature; while at cold side, because the intensity increases with reduced temperature, it 
becomes brighter in low temperature. These intensity images in figure 3.13 are converted to 
temperature profile in figure 3.14, which shows how the temperatures change with time 
through the intensity change after heating and cooling are applied. At t = 0, the figure 3.14a 
shows the uniform room temperature in the sample, figure 3.14b-e show the temperatures 
change after heating and cooling are applied, the temperature increase at left end (heating 
side) and decrease at right end (cooling side). The hot and cold temperature fronts propagate 
with time when the convection develops. Then the temperature profile reaches steady state 
when the convection is stable. 
The results from TSP are consistent with the results from thermocouples at their 
locations. Our purpose is to use TSP images to find the flow patterns. The TSP result for 
magnetic fluid in zero field is to establish baseline for flow patterns in fields. 
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3.5 TSP results in a magnetic fluid in step fields 
The thermocouples method cannot provide information for study of fluid motion. TSP 
is used to measure more complete temperature profile for further flow velocity and flow 
pattern analysis.  
Figure 3.15a and 3.15b show the surface temperature fields from 0 to Bmax= 1000G in 
two configurations with figure 3.15a for parallel configuration and figure 3.15b for 
anti-parallel configuration. The image for B = 0 is the steady-state temperature image at t = 
2000s in zero field which is same for two configurations. The other images were taken at 
200s after fields are applied (refer to the experiment procedure in step fields in chapter 2.3), 
First, the same trend in temperature change in TSP is similar to what is found in 
thermocouple. After the fields are applied, temperatures decrease at hot side and increase at 
cold side in parallel configuration, while the opposite effect is observed in anti-parallel 
situation. The higher the fields the larger the field effects. 
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(a) 
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(b) 
Figure 3.15. Temperature profile in step-fields in (a) parallel, and (b) anti- parallel 
configuration in a magnetic fluid.  
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3.6 Method to extract flow velocity field and streamlines plots from TSP results 
The optical flow method is used to get the perturbation velocity and streamline in 
fields from TSP [49]. In order to extract the velocity fields in the magnetic fluid, a two-step 
approach is proposed. In the first step, the high-resolution velocity fields are extracted from a 
sequence of images of the microspheres in carrier fluid in the cell by using the optical flow 
method (for details refer to chapter 3.2). The time-averaged velocity field is obtained as a 
base velocity field when a steady state of the flow is achieved at t  2000s. Figures 3.12a and 
3.12b show the base velocity field and streamlines in kerosene. We assume that the base 
velocity field of the magnetic fluid is the same as that of the kerosene fluid in steady state in 
zero field due to low volume concentration of the magnetic nano particles. The second step is 
to extract the perturbation velocity field of the magnetic fluid from temperature-sensitive 
paint (TSP) images when a magnetic field is applied at steady state. At this state, when the 
fields just applied, in a short time, the temperature change in the magnetic fluid is mainly due 
to the change of the fluid movement. From the temperature change at TSP, the velocity 
change can be extracted by using optical flow method. Combined with the base velocity field 
and streamlines in kerosene, we can get the velocity and streamline patterns for the magnetic 
fluid in applied magnetic fields. Then, the final velocity field is constructed by superposing 
the base velocity field and the perturbation velocity field. The physical meaning of the optical 
flow extracted from temperature images is described as follows. The energy equation for a 
2D incompressible flow is [49, 50] 
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  QTaTtT   2/ u                                      (3.1) 
In two dimension coordinates ),( yx , where T  is the temperature in fluid, ju  ( 2,1j ) are 
the velocity components, Q is a consistent heating power, pcka /  is the thermal 
diffusivity, and  is density, pc is specific heat and k  is thermal conductivity. We consider 
the decompositions 'TTT
t
  and 'uuu 
t
, where 
t
  is the time averaging 
operator, 'T  and 'u  are the time dependent perturbation temperature and velocity, 
t
u  is 
the base velocity field, and 
t
T  is the time averaged temperature field in zero field. The 
time averaged quantities satisfy the steady state transmit equation
  QTaT
ttt
  2u . In our experiment, 
t
u  is obtained by PTV method from 
microsphere images. Substitution of the decompositions into Eq. (3.1) yields  
  fTtT
t
  u'/'                                          (3.2) 
Where    u'u 'T'TTaf
t
  '2 . In optical flow calculation, it is assumed that 
0f  in the first-order approximation. By solving the optical flow Eq. (3.2), the 
perturbation velocity 'u  can be obtained. In our experiment, 'u  is defined as the velocity 
change induced by the applied magnetic fields. It is assumed that base velocity field 
t
u  
remains the same in kerosene and the magnetic fluid. The velocity in the field is the base 
velocity superposed with perturbation velocity. 
'uuu 
t
                                                   (3.3) 
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3.7 Perturbation velocities and perturbation streamlines in a magnetic fluid 
The perturbation velocity 'u  is the velocity change after the field is applied. The 
perturbation streamline is the streamline from perturbation velocity field. Figure 3.16 
(parallel) and 3.17 (anti-parallel) show the TSP temperature fields with Bmax = 0, 100G, 300G, 
500G, 700G and 900G at 5s after the magnetic field is applied in two configurations. Figure 
3.18 and 3.19 shows the perturbation velocity field extracted from figure 3.16 and 3.17 by 
using the optical flow method.  
In parallel configuration, figure 3.18 shows that large perturbation velocity at left hot 
side corresponding to the large local field and field gradient. The direction of perturbation 
velocity is to up left, which can be observed both in velocity fields and streamlines. The main 
perturbation velocity direction is the same with the field gradient direction and temperature 
gradient (right to left). Its direction is also the same with the magnetic body force. While in 
anti-parallel configuration (figure 3.19), the direction of field gradient and magnetic body 
force is from left to right, but the perturbation field velocities show large magnitudes at both 
hot and cold sides depends on different fields. The directions of perturbation velocity also 
change with fields, which are different from parallel configuration. The magnetic body force 
in anti-parallel configuration is same with field gradient but opposite with temperature. We 
will discuss the magnetic body force in detail in chapter 4.5. The change of directions 
indicates the flow structure change due to the field effect. The detailed flow patterns will be 
presented with streamlines in chapter 3.8. Figure 3.20 and 3.21 are perturbation streamlines 
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obtained from figure 3.18 and 3.19, which show the same trend in perturbation velocity field. 
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(a)
 
(b) 
 
(c) 
 
(d)
 
(e) 
 
(f) 
Figure 3.16. TSP temperature fields at (a) Bmax = 0, (b) Bmax = 100G, (c) Bmax = 300G, (d) 
Bmax = 500G, (e) Bmax = 700G, and (f) Bmax = 900G in parallel configuration in a magnetic 
fluid. 
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(a) 
 
(b) 
(c)
 
(d) 
 
(e) 
 
(f) 
Figure 3.17. TSP temperature fields at (a) Bmax = 0, (b) Bmax = 100G, (c) Bmax = 300G, (d) 
Bmax = 500G, (e) Bmax = 700G, and (f) Bmax = 900G in anti-parallel configuration in a 
magnetic fluid. 
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(a)
 
(b)
 
(c)
 
(d)
 
(e) 
Figure 3.18. Perturbation velocity fields at (a) Bmax = 100G, (b) Bmax = 300G, (c) Bmax = 500G, 
(d) Bmax = 700G, and (e) Bmax = 900G in parallel configuration in a magnetic fluid. 
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(a) 
 
(b) 
(c) 
(d) 
(e) 
Figure 3.19. Perturbation velocity fields at (a) Bmax = 100G, (b) Bmax = 300G, (c) Bmax = 500G, 
(d) Bmax = 700G, and (e) Bmax = 900G in anti-parallel configuration in a magnetic fluid. 
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(a) 
(b) 
(c) 
(d) 
(e) 
 
Figure 3.20. Perturbation streamlines at (a) Bmax = 100G, (b) Bmax = 300G, (c) Bmax = 500G, (d) 
Bmax = 700G, and (e) Bmax = 900G in parallel configuration in a magnetic fluid. 
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(a) 
(b) 
(c) 
(d) 
(e) 
Figure 3.21. Perturbation streamlines at (a) Bmax = 100G, (b) Bmax = 300G, (c) Bmax = 500G, (d) 
Bmax = 700G, and (e) Bmax = 900G in anti-parallel configuration in a magnetic fluid. 
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3.8 Velocity and streamline results in a magnetic fluid 
The velocity field u  in field is the superposition of base velocity field in zero field 
and perturbation velocity in corresponding field as it is showed in Eq. (3.3). Figure 3.22 and 
3.23 show the velocity field at Bmax = 0, 100G, 300G, 500G, 700G and 900G at 5s after the 
magnetic field is applied in two configurations. Figure 3.24 and 3.25 show the streamlines 
from these velocities. The velocity fields show the same change as perturbation velocity 
fields. The main horizontal direction of velocity is on up half cell (left to right) and low half 
cell (right to left). And the main vertical direction is at hot side (up) and cold side (down). 
The magnitude of perturbation velocities is small compared to the base velocities, so the flow 
pattern change in velocity fields is not very obvious in these plots. The streamlines show flow 
patterns in applied fields. We will discuss more pattern change with velocity magnitude and 
perturbation Q field in chapter 4. When the temperature gradient is anti-parallel to the field 
gradient, it shows the flow patterns are non-localized in low fields (Bmax =100G); in high 
fields (Bmax =300G to 900G), the convective motion seems to crossover from 
two-dimensional to three-dimensional flow, enhancing the thermal transfer across the sample. 
The crossover effect is stronger in higher field. For anti-parallel configuration, the 
streamlines indicate formation of local flow structures that could explain the slowing down of 
the heat transfer. 
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(a) 
(b) 
(c) 
(d) 
(e) 
(f) 
Figure 3.22. Velocity fields at (a) Bmax = 0, (b) Bmax = 100G, (c) Bmax = 300G, (d) Bmax = 500G, 
(e) Bmax = 700G, and (f) Bmax = 900G in parallel configuration in a magnetic fluid. 
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(a) 
(b) 
(c) 
(d) 
(e) 
(f) 
Figure 3.23. Velocity fields at (a) Bmax = 0, (b) Bmax = 100G, (c) Bmax = 300G, (d) Bmax = 500G, 
(e) Bmax = 700G, and (f) Bmax = 900G in anti-parallel configuration in a magnetic fluid. 
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(a)
(b)
(c)
(d)
(e)
(f) 
Figure 3.24. Streamlines at (a) Bmax = 0, (b) Bmax = 100G, (c) Bmax = 300G, (d) Bmax = 500G, 
(e) Bmax = 700G, and (f) Bmax = 900G in parallel configuration in a magnetic fluid. 
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(a) 
(b) 
(c)
(d)
(e)
(f) 
Figure 3.25. Streamlines at (a) Bmax = 0, (b) Bmax = 100G, (c) Bmax = 300G, (d) Bmax = 500G, 
(e) Bmax = 700G, and (f) Bmax = 900G in anti-parallel configuration in a magnetic fluid.  
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CHAPTER 4: ANALYSES AND DISCUSSIONS 
4.1 Determine the main heat transfer mechanism in a magnetic fluid 
There are three heat transfer mechanisms in complex fluids in general: 1) thermal 
convection, 2) thermal conduction and 3) thermal diffusion. The convection flow patterns in 
fields have been shown in chapter 3.8. To determine the main heat transfer mechanism in our 
observations we would like to know how important the thermal conduction and thermal 
diffusion compare with thermal convection.  
For thermal conduction, the differential thermal conduction equation is 
                                                                (4.1) 
where    is the local heat flux(1996 W·m−2), k is the thermal conductivity (in 
unit W·m
−1
·K
−1
), and T is the temperature gradient (in unit K·m−1). The heat flux input into 
our sample is from a plane heating source. In a short time after heating is applied, the 
temperatures change at thermocouples locations, for example LLB as shown in figure 4.1, is 
mainly due to conduction before convection well developed.  
The hot plate technique can be used to measure the thermal conductivity to obtain the rate of 
thermal conduction [51 and 53]. The hot plate technique is applied in a transient state with a 
constant heat flux as a boundary condition as the case in our experiment. The temperature 
change at one position due to a sudden impact of a constant heat flux from a plate surface 
from thermal conduction is given by equation 4.2 [52 and 53] 
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                                              (4.4) 
where T is the temperature change at measuring location in short time t =10s [53], x is the 
distance between temperature detector and heating surface,    is the heat flux,  is density of 
the fluid, Cp is heat capacity, k is thermal conductivity. The equation 4.2 has to be solved 
iteratively. Figure 4.2 shows the relative thermal conductivity vs. fields. It is found that the 
thermal conductivity increase with fields. 
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Figure 4.1. Hot plate technique in our sample cell 
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Figure 4.2. Relative thermal conductivity vs. local field in a magnetic fluid. 
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From the calculation of thermal conductivity, we know the conduction increases in 
magnetic fields. To identify the heat transfer ratio between thermal convection and 
conduction, the Nusselt number is calculated. Nusselt number is defined as the ratio of 
convective heat transfer to conductive heat transfer under the same conditions: [2] 
   
  
 
                                                          (4.5) 
Where h is the convective heat transfer coefficient of the flow, L is the characteristic length, k 
is the thermal conductivity of the fluid. Nu is a dimensionless number. If a Nusselt number is 
close to one, it means that convection and conduction have similar magnitude. A large 
Nusselt number is corresponding to a more dynamic convection. The convective heat transfer 
coefficient is present in following equation:[2] 
  
  
  
                                                            (4.6) 
Where    is heat flux,    is the temperature difference between wall and fluid. We used the 
temperature difference measured by TSP in our experiment. From equation 4.2-4.6, the 
Nusselt numbers in step fields are shown in table 4.1 and figure 4.3. 
From table 4.1, the range of Nusselt number is from 4.8-9.1, so the heat transfer 
through convection is larger than that of conduction. In parallel configuration, the 
convective heat transfer coefficients increase, the Nusselt number increases corresponding to 
the increased convection ratio, the higher the field the larger the Nusselt number. The 
convective heat transfer coefficients and Nusselt number are decreased with the fields in 
anti-parallel configuration, which means heat transfer through conduction increases, but the 
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convection is still primary heat transfer from the Nusselt number in anti- configuration. The 
applied field increases the convection heat transfer in parallel configuration and reduces it in 
anti-parallel configuration. 
 
Table 4.1. Nusselt numbers in a magnetic fluid in step fields. 
Nu 
Parallel 
configuration 
Heat transfer 
coefficient 
Parallel 
W/(m
2
.K) 
Field 
(G) 
Heat transfer 
coefficient 
Anti-parallel 
W/(m
2
.K) 
Nu 
Anti-parallel 
configuration 
6.6 131.3 0 132.1 6.6 
6.6 132.1 100 128.7 6.4 
6.7 134.8 200 121.7 6.0 
6.8 136.7 300 116.7 5.8 
6.9 139.5 400 113.4 5.6 
7.3 147.8 500 110.8 5.5 
7.6 152.3 600 107.8 5.3 
8.0 160.9 700 106.7 5.3 
8.6 172.0 800 105.0 5.2 
9.0 181.4 900 100.3 5.0 
9.1 183.1 1000 96.4 4.8 
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Figure 4.3. Nusselt number in applied fields in two configurations 
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Thermodiffusion is also called Soret effect. It is a phenomenon observed in a complex 
fluid where a mass flow is induced by a temperature gradient. The fluid is at least binary 
[54-56]. Thermodiffuison can be positive or negative. If the particles move from a hot region 
to a cold region, it is positive, and it is negative when reversal particle movement happens.  
To compare the effect of thermal diffusion on heat transfer to that of convection, the 
time scale based approach leads to an effective criterion. The different heat transfer process is 
characterized by its own time scale. 
The convective time scale c can be obtained as:[57] 
   
 
  
                                                            (4.7) 
Here, c is the time to travel through the distance L with the convective velocity v. 
The time scale for diffusion can be got from [57] 
  
  
  
   
   
                                                        (4.8) 
where D is the diffusion coefficient for mass diffusion or the thermal diffusivity for thermal 
diffusion. In a scale sense, if t ~d and x ~L, the diffusive time scale d can be found as 
[57-59] 
   
  
 
                                                          (4.9) 
The meaning of d is the time need to travel diffusively through the distance L across the 
temperature gradient. 
In our experiment, L is 9*10
-2 
m, v is 5*10
-4
 m/s at steady state, mass diffusion 
coefficient Dm is 1*10
-11
 m
2
/s in zero field [60 and 61], and thermal diffusivity Dt is 3.7*10
-8
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m
2
/s in zero field [58]. So c is 1.8*10
2
 s, dm is 8.1*10
8
 s and dt is 2.2*10
5
 s. When a field 
applied, the maximum change of velocity and thermal diffusivity [62] is 20% of its zero-field 
values, so the convective time scale and thermal diffusion time scale are same order of 
magnitude as its zero-field values. The mass diffusion time scale and thermal diffusion time 
scale are much larger than convective time scale both in zero field and applied fields.  
From the calculation of Nusselt number and diffusion time scale, we can say even 
three heat transfer mechanisms exist in our experiment, thermal convection is the primary 
thermal transfer method in our experimental time scale.  
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4.2 Convective flow front velocity vs. fields in a magnetic fluid 
Now we know the convection is primary heat transfer process in our experiments. To 
analysis how the convection change with field, convective flow front velocity change in 
applied field is calculated. The convective flow front is the front of the flow when the 
convections start. We define the average convective flow front velocity 
v =                                                           (4.10) 
Where v is the average velocity of convective flow front and    is the distance traveled by 
convective flow front from one thermocouple to the neighboring one, for example, from LLT 
to LM1T or LRB to LM2B.    is the time needed to travel in the distance   .    and    
are indicated in Figure 4.3. When the flow front reaches the thermocouple, the temperature at 
this thermocouple will change rapidly, the time difference of temperature change between 
LLT and LM1T (LRB and LM2B) is    as shown in figure 4.4. 
By this way, 4 different average convective flow front velocities are calculated in two 
sample cells. In each cell we choose two flow front velocities to compare with, one is on the 
hot side, and the other is on the cold side. Each convective flow front is labeled in figure 4.5. 
For example, LHV means left sample cell hot side flow front, etc. 
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Figure 4.4.    and    in flow front velocity definition. 
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Figure 4.5. Average convective flow fronts in sample cells. 
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(a) 
 
(b) 
Figure 4.6. Average velocities of convective flow fronts in different magnetic fields in (a) 
parallel, and (b) anti-parallel configuration in a magnetic fluid. 
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Figure 4.6a shows average flow front velocities in different fields in magnetic fluid in 
parallel configuration and Figure 4.6b shows velocities in anti-parallel configurations in local 
fields. In parallel configuration, when we increase the magnetic field, the average convective 
flow front velocities LCV (green square) and LHV (red diamond) are increased; then LHV 
decreases after B  400G. The reason is that the fields have changed the fluid structure as 
shown in chapter 3.8 that the convective flow crossover from 2D to 3D in parallel 
configuration. 
For anti-parallel configuration, when we increase magnetic field, the average 
convective flow front velocities RCV (pink cross) and RHV (blue triangle) decrease with the 
applied field, and RCV saturate after B  400G.  
From flow front velocity change in applied field, the magnetic fields increase the 
convective velocity to speed up the convective heat transfer in parallel configuration; and 
inhabit it by decreasing the velocity in anti-parallel configuration. 
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4.3 Velocity magnitude in a magnetic fluid 
The velocity magnitude fields show the field effect in velocity magnitude, which are 
give complete velocity change in applied fields in our sample cells. Figure 4.7 and figure 4.8 
show horizontal component, vertical component and total velocity magnitude fields at Bmax  
= 0, 100G, 300G, 500G, 700G and 900G at 5s after the magnetic field is applied in two 
configurations. The horizontal velocity component is mainly at upper and lower half of cell, 
the average horizontal velocity at upper and lower half of cell is 2.5*10
-4
 m/s. The vertical 
velocity component is mainly non zero at two ends, the average vertical velocity is 2.0*10
-4
 
m/s. The total average velocity along the convection roll is 2.6*10
-4
 m/s. In parallel 
configuration (figure 4.7), both horizontal and vertical velocities increase in fields, especially 
at left side close to the magnet pole. While in anti-parallel configuration (figure 4.8), most 
part of velocity fields is same in applied fields. But in some locations, both horizontal and 
vertical components of velocity increase in the field, especially close to cold side where the 
field and field gradient is high. For example, at Bmax=900G, the average velocities at one 
layer increase more than 1.0*10
-4
 m/s at x=8.3cm (650 pixel) from left side in figure 4.6c. 
The local velocity changes between 7.1 cm (550 pixel) and 8.3 cm (650 pixel) are 
corresponding to the flow pattern change as the streamlines shows in figure 3.25f. The 
velocities at different applied fields are increased in parallel configuration indicates that the 
convective heat transfer increase. In anti-parallel configuration, while the change of velocity 
fields in specific location is consistent with the flow pattern change in streamlines (chapter 
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3.8) and perturbation Q field (chapter 4.4), so the change of flow pattern can reduce the 
convective heat transfer. 
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(c) 
Figure 4.7. (a) Horizontal velocity magnitude fields (b) vertical velocity magnitude fields, 
and (c) total velocity fields in parallel configuration in a magnetic fluid. 
 
  
103 
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(b) 
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(c) 
Figure 4.8. (a) Horizontal velocity magnitude fields (b) vertical velocity magnitude fields, 
and (c) total velocity fields in anti-parallel configuration in a magnetic fluid. 
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4.4 Vorticity and Q field in a magnetic fluid 
Streamline and velocity field show the main flow pattern in figure 3.22-3.25. Vorticity 
and Q field can indicate the convection roll and vortex in the fluid. The vorticity  is defined 
as the curl (rotational) of the flow velocity vector. In our sample cell geometry 
yuxv  //                                                 (4.11) 
where ),( yx  are, respectively, the coordinates in a local 2D Cartesian coordinate and ),( vu  
are the corresponding velocity components.  
The second invariant Q  of the velocity gradient tensor ji xu  /u  is defined as 
  2/22 S Q                                                (4.12) 
where  Ttr SSS 2  and  Ttr  2 , S  and   are the symmetric and 
anti-symmetric components of u , i.e.,   2/// ijjiij xuxuS   and 
  2/// ijjiij xuxu  .   and    are corresponding transpose. S  is the 
rate-of-strain tensor,   is the vorticity tensor. Hunt, Wray & Moin [63] defined a ‘vortex’ 
as a region with the positive second invariant Q . 
Figure 4.9 shows the vorticity fields in zero field and in 900G for both configuration. 
Because of the shear layer in the middle of cells as we see in the velocity field and streamline 
in chapter 3.8, base on the definition of vorticity, the vorticity has large magnitude at where 
there is large velocity gradient. Also the perturbation velocity is small compared to base 
velocity, so with the large vorticity at shear layer in total velocity field, it is difficult to 
identify the vorticity due to vortex in vorticity field as it is in figure 4.9. The average vorticity 
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at shear layer is 0.1 s
-1
. Figure 4.10 and 4.11 show the perturbation vorticity fields in applied 
fields in two configurations. The perturbation vorticity is the vorticity change after apply 
magnetic fields, for example,                         . We found the main vorticity 
change at two ends, the higher the field, the bigger the change. Figure 4.12 shows Q field in 
zero applied field and in 900G for both configuration. It is also difficult to find vortex change 
due to relative small perturbation velocity. Figure 4.13 and 4.14 show the perturbation Q 
fields in applied fields in two configurations. The perturbation Q (Q) is the change of Q 
after the field is applied, for example,                         . First, Q is higher 
at high field at two ends in both configurations. In parallel configuration (figure 4.13), the 
perturbation Q field mainly is a single roll which corresponding to the flow pattern in chapter 
3.8. That means change of vortex is consistent with the single overall convection roll in the 
zero field, so the main flow pattern is same. In anti-parallel configuration (figure 4.14), the 
main perturbation Q field changes only happen at two sides separately, which indicates local 
vortex formation, which are corresponding to the pattern changes in the streamline and 
velocity as shown in figure 3.25. The higher field the higher Q field change.  
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(a)
(b)
(c) 
Figure 4.9. Vorticity at (a) Bmax= 0 , (b) Bmax= 900 in parall configuration, and (c) at 
Bmax=900G in anti-parallel configuration in a magnetic fluid.   
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(a)
 
(b)
(c)
(d)
(e) 
Figure 4.10 Perturbation vorticity at Bmax= (a) 100G , (b) 300G (c) 500G (d) 700G, and (e) 
900G in parallel configuration in a magnetic fluid.  
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(a)
(b)
(c)
(d)
(e) 
Figure 4.11. Perturbation vorticity at Bmax= (a) 100G , (b) 300G (c) 500G (d) 700G, and (e) 
900G in anti-parallel configuration in a magnetic fluid.  
111 
 
(a)
(b)
(c) 
Figure 4.12. Q field at (a) Bmax= 0 , (b) Bmax= 900 in parall configuration, and (c) at 
Bmax=900G in anti-parallel configuration in a magnetic fluid. 
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(a)
(b)
(c)
(d)
(e) 
Figure 4.13. Perturbation Q field at Bmax= (a) 100G , (b) 300G (c) 500G (d) 700G, and (e) 
900G in parallel configuration in a magnetic fluid.  
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(a)
(b)
(c)
(d)
(e) 
Figure 4.14. Perturbation Q field at Bmax= (a) 100G , (b) 300G (c) 500G (d) 700G, and (e) 
900G in anti-parallel configuration in a magnetic fluid. 
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4.5 Rayleigh number, Grashof number and Prandtl number in a magnetic fluid 
Rayleigh number (Ra) is a dimensionless number in natural convection. When Ra is 
below a critical value for that fluid, thermal conduction is the main heat transfer mechanism; 
when Ra exceeds the critical value, heat transfer is primarily in the form of thermal 
convection. It is represented by equation [3] 
   
   
       
  
                                                  (4.13) 
where    is heat capacity (1.84×10
3 
J/kg K),   is density of the fluid (0.87×103 kg/m3), g is 
standard gravity (9.8 m/s
2
),   is thermal expansion coefficient (0.85×10-3 K-1),    is the 
temperature difference across the sample cell, l is the length of the cell, and   is dynamic 
viscosity (8.5×10
-3 
kg/m s), and   is thermal conductivity (0.15 W/m.K). 
Magnetic Rayleigh number (Ram) is a dimensionless number in thermomagnetic 
convection, it is defined as [3] 
    
           
 
  
                                                (4.14) 
where µo is vacuum permeability (4π×10
-7 
N/A
2
), K is Pyromagnetic coefficient (50 A/m K). 
The viscosity in diluted magnetic fluid is increased in applied field with shear flow. In our 
experiment, the field and vorticity are perpendicular. The viscosity change as a function of 
field can be presented by [3 and 64]. 
   
 
 
   
       
       
                                                (4.15) 
Where    is the viscosity of carrier fluid,   is volume fraction of the magnetic fluid. 
 =mB/kT is the ratio of the magnetic energy to thermal energy, with m the magnetic moment 
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of the particle and B the internal field, and T the local temperature. The volume fraction in 
our magnetic fluid is 1%, so the ratio of viscosity change Δ  /   is less than 1.5%, which is 
not important in our system. The thermal and magnetic Rayleigh numbers in our experiment 
are show in table 4.2 and figure 4.15. 
Table 4.2. Thermal and magnetic Rayleigh numbers in a magnetic fluid in magnetic fields in 
two configurations. 
Ram(10
7
) 
Parallel 
configuration 
Ra(10
7
) 
Parallel 
configuration 
Field(G) Ra(10
7
) 
Anti-parallel 
configuration 
Ram(10
7
) 
Anti-parallel 
configuration 
0 16.1 0 16.1 0 
4.3 15.0 100 17.5 5.0 
8.2 14.2 200 18.9 10.9 
11.5 13.4 300 20.1 17.2 
14.7 12.8 400 20.9 24.0 
17.8 12.4 500 21.6 30.9 
20.5 12.0 600 22.2 38.2 
23.7 11.9 700 22.8 45.8 
26.9 11.7 800 23.2 53.5 
29.5 11.4 900 23.6 61.3 
32.7 11.4 1000 24.0 69.2 
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(a) 
 
(b) 
Figure 4.15 Ra and Ram in field in (a) parallel, (b) anti-parallel configuration 
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From table 4.2 and figure 4.15, first, the Ra is much larger than critical Ra number 
(1700), so the convection is primary heat transfer mechanism as we discussed in chapter 4.1. 
Ra decreases in parallel configuration and increases in anti-parallel configuration due to 
temperature difference change. When applied magnetic fields Bmax  300G , Ra is larger than 
Ram, thermal convection is still main mechanism. When Bmax  400G , Ram is larger than Ra, 
that means the thermomagnetic convection dominates in these applied fields. Ram increases 
with increased fields in both configuration, but it is larger in anti-parallel configuration which 
means the magnetic body force is larger in anti-parallel configuration, that is consistent with 
the calculation of the body force in chapter 4.6. 
Prandtl number (Pr) is a dimensionless number to define the ratio of kinematic 
diffusivity to thermal diffusivity. Prandtl number is given as: 
 
   
 
  
                                                          (4.16) 
 
where thermal diffusivity D is 3.7*10
-8
 m
2
/s.    = 264.1 in our experiment. 
The Grashof number (Gr=Ra/Pr) is a dimensionless number in fluid mechanics. Gr is 
defined as the ratio between buoyancy forces and viscous forces. Magnetic Grashof number 
(Grm=Ram/Pr) is the ration between the magnetic force and viscous force. The thermal and 
magnetic Grashof numbers is our system are showed in table 4.3 and figure 4.16. 
The result from Grashof numbers is basically the same with Rayleigh number.  
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Table 4.3. Thermal and magnetic Grashof numbers in a magnetic fluid in magnetic fields in 
two configurations. 
 
Grm(10
5
) 
Parallel 
configuration 
Gr(10
5
) 
Parallel 
configuration 
Field(G) Gr(10
5
) 
Anti-parallel 
configuration 
Grm(10
5
) 
Anti-parallel 
configuration 
0 6.1 0 6.1 0 
1.6 5.7 100 6.6 1.9 
3.1 5.4 200 7.1 4.1 
4.3 5.1 300 7.6 6.5 
5.5 4.8 400 7.9 9.1 
6.7 4.7 500 8.1 11.7 
7.7 4.5 600 8.4 14.4 
9.0 4.5 700 8.6 17.3 
10.1 4.4 800 8.8 20.2 
11.1 4.3 900 8.9 23.2 
12.4 4.3 1000 9.1 26.2 
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(a) 
 
 
(b) 
Figure 4.16. Gr and Grm in field in (a) parallel, (b) anti-parallel configuration 
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4.6 Calculation of magnetic susceptibility and body force in a magnetic fluid 
The magnetic fluid experiences a magnetic body force in the magnetic field. The body 
force will affect the thermal transfer in the magnetic fluid [13 and 64]. The magnetic body 
force is calculated in our samples to see how the magnetic body force changes with different 
fields and field gradients, and how the force affects the convection in fluids. 
The magnetic particles in the magnetic fluid are ferromagnetic which are magnetized 
in relatively small magnetic fields. When there is no field, the direction of the magnetic 
moments of particles is not ordered. The elementary magnetic moments align with applied 
external magnetic field. First, we calculate the magnetic energy and thermal energy ratio to 
see how the particles align in fields. Magnetic energy is Em = mB, and thermal energy is kT, 
where m is magnetic moment of each magnetic particle, m = 2.1 × 10
4 
µB = 1.95× 10
-19 
J/T, B 
is local magnetic field. k is Boltzmann constant, k = 1.38 × 10
-23
 J/K and T is the absolute 
temperature. Figure 4.17 shows the magnetic energy and thermal energy ratio in field in two 
sample cells. From this plot, the magnetic energy is larger than thermal energy, so the 
magnetic fluid in fields is ferromagnetic, the Langevin equation is applied to calculate 
magnetization in our system. 
Then the thermal energy and magnetic dipole interaction energy is calculated to check cluster 
formation in the magnetic fluid in fields. The magnetic dipole interaction energy is presented 
as: 
    
  
    
                                                (4.17) 
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Where µo is vacuum permeability (4π × 10
-7 
N/A
2
), r is the distance between the centers of 
two particles,   is a unit vector that join the center of two particles. Here we consider the 
magnetic interaction energy when two particles in contact and align in the same direction, 
equation 4.17 become     
  
    
    = 7.6× 10-21 J. d is the diameter of the particles. The 
thermal energy kT is 4.04 × 10
-21 
J at room temperature (293 K). The interaction parameter λ 
=0.94 is the ratio between   and 2kT [65]. If the surfactant layer thickness δ is taken into 
account, a modification of the interaction parameter λ*= λd3/(d+2δ)3 = 0.34. An effective 
chain formation occurs if λ*  1 [65], so in our system, there is no effective chain formation. 
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Figure 4.17. Ratio of magnetic energy to thermal energy in fields in our magnetic fluid. 
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To calculate the body force, the magnetization of the magnetic fluid need to be find 
first. The magnetizationin fields is described by the Langevin function ( Langevin, 1905). 
M = Ms L(α)                                                      (4.18) 
Ms= Mo is saturation magnetization of the fluid. It is determined by the spontaneous 
magnetization Mo and the volume fraction  of the magnetic particles. The real magnetization 
curve of a magnetic fluid may differ from Langevin curve [24]. The difference is due to the 
polydispersity of particles in the real fluid and local field effect of particles in concentrated 
fluids. The non-spherical particles may also have an effect on it. 
The magnetic fluid has a Curie point. Curie temperature Tc is the critical point where 
the ferromagnetic turns into a paramagnetic. Above Curie temperature, it is paramagnetic, 
and ferromagnetic below Tc. The magnetic susceptibility changes with temperature from 
Curie-Weiss law = C/(T-Tc), C is the curie constant of the magnetite. The Curie temperature 
for the different magnetic materials varies within a wide range [24]. In our experiment, the 
magnetic particle is Fe3O4, the curie temperature Fe3O4 of is 850K [66], which is much higher 
than our experimental temperature (265-320K). 
The magnetic body force per unit volume is 
fm = µo                                                         (4.19) 
From previous study [67], in the experiment, the body force can be written 
fm(x)   µo M(T(x))
  
  
                                               (4.20) 
The external magnetic field only changes along the x axis in our sample cells. Since 
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the cells are quasi-one dimensional and the magnetic field H is continuous along the y axis. 
The intern field H is equal to the external field Ho as shown in figure 4.18.  
From Langevin classical theory of paramagnetism [3, 64], the magnetization 
L(α) = coth α – 1/α = 
       
        
  
 
 
                                     (4.21) 
α = m µo( H+M) /kT                                                (4.22) 
where m is magnetic moment of each magnetic particle , m = 2.1 × 10
4 
µB = 1.95× 10
-19 
J/T, k 
is Boltzmann constant, k = 1.38 × 10
-23
 J/K and T is the absolute temperature. The magnetic 
susceptibility χ is defined as: 
χ = 
  
  
                                                                                      (4.23) 
Ho = Bo /µo                                                                                  (4.24)
 
For the magnetic fluid with 1% concentration, saturated magnetization Ms = 55G = 
4.38 × 10
3 A/m (1 A/m = 4π × 10-3 G) 
If we want to calculate the body force, local field H, local temperature T and local 
susceptibility χ are needed, which all depends on distance x to the pole. We can find the 
function of H(x) and T(x) by using polynomial fitting of the experimental data at a steady 
state. We plot the magnetization distribution, susceptibility and body force along the sample 
cells in different fields in figure 4.19. 
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Figure 4.18. Internal fields in sample cell. 
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Here we only plot the magnetic body force in Bmax = 200,400,600,800 and 1000 G. 
The graphs in other fields are similar with these figures. Also the temperature distributions on 
the top of sample cells are used in calculation. If we use the temperature distributions in the 
middle or on the bottom of sample cells, we get basically the same results. 
From figures 4.19, the body forces have the opposite directions in two sample cells 
which depend on the relative directions of field gradient. The magnitude of the body force is 
determined by local magnetization, field gradient and temperature. Larger magnetization and 
field gradient cause larger body force. And the body force is bigger at low temperature. The 
force is increased with increasing field. In parallel configuration, the direction of the force is 
same with the temperature gradient. Therefore, the body force increases the convective 
thermal transfer in the magnetic fluids. While the body force direction is opposite from the 
temperature gradient in anti-parallel configuration, the body force suppress the convective 
thermal transfer by changing the flow pattern. The body force calculation confirms the 
previous prediction. [68] 
The analysis of flow patterns for non-step field procedure is ongoing, and it is not 
included in this dissertation. 
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(c) 
Figure 4.19. (a) magnetization, (b) susceptibility, and (c) magnetic body force in a magnetic 
fluid in applied fields. 
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CHAPTER 5: CONCLUSIONS 
Convective heat transfer driven by the buoyancy force and the magnetic body force in 
a magnetic fluid with horizontal temperature and field gradients was studied experimentally. 
From our analyses, it was found that convection is the primary heat transfer mechanism in 
our system. When the magnetic fields are applied, there are two regimes for convection: 1) 
ordinary thermal convection which is driven by buoyancy force and 2) thermomagnetic 
convection that is driven by magnetic body force. We found when the fields less than a 
certain value (Bmax  300G where Bmax is field at the magnet pole), Rayleigh number 
(Grashof number) is larger than magnetic Rayleigh number (magnetic Grashof number), the 
thermal convection is main convection mechanism; while in high field regime (Bmax  400G), 
magnetic Rayleigh number (magnetic Grashof number) becomes larger than Rayleigh 
number (Grashof number) indicating thermomagentic convection is dominated.  
By using three different methods, we imaged the convective flow velocity fields and 
streamlines to show flow patterns. The flow pattern changes when thermal convection 
changes to thermomagentic convection. In parallel configuration, the streamlines indicate the 
convective motion may crossover from two-dimensional to three-dimensional flow, the 
crossover effect is stronger in higher field. For anti-parallel configuration, the local flow 
structures formation happens, the convection likely changes from one convection roll to 
multiple rolls. 
The magnetic body force enhances or inhibits the convective thermal transfer in the 
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magnetic fluids which depends on the relative directions of temperature gradient and field 
gradient. We will do more study on Q field and multiple dipoles interaction in the future. 
The results obtained in this dissertation work confirm previous application proposed 
from our group. It also suggests that the magnetic fluid can be used as non-intrusive field 
control device to increase or decrease heat transfer. 
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